The values for flow and rate constants for a kinetic model of [99mTc]-hexamethylpropyleneamine ox ime (HM-PAO) distribution in the human brain were de termined. The single-pass extraction ratio of HM-PAO was also determined in the rat brain by the indicator dif fusion method; a value of 0.90 ± 0.02 (mean ± SEM, n = 5) was obtained. Time course data of brain activity and arterial blood activity of the tracer were fitted to a four compartment model: Values of blood flow and the first order rate constants for backdiffusion of the diffusible tracer from brain to blood (k2), conversion of the li pophilic tracer to the hydrophilic one in brain (k3), and conversion of the diffusible tracer to the nondiffusible one in blood (ks) were determined. Conversion of hydrophilic tracer back to a lipophilic form in both blood and brain was assumed to be negligible during the course of the [99mTc]-hexamethylpropyleneamine oxime (HM PAO) (Neirinckx et aI. , 1987a) has been proposed as a promising tracer for evaluating cerebral blood perfusion with single photon emission computer ized tomographic (SPECT) systems. However, some investigators (Morreti et aI. , 1987; Nishizawa et aI. , 1987; Andersen et aI. , 1987a Andersen et aI. , , 1987b) have reported poorer contrast in HM-PAO images than in N-isopropyl-p-['2 3 I] iodoamphetamine (IMP) or 133 Xe flow images in patients with ischemic cere brovascular disorder. To elucidate the reason for
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experiment. The values obtained for blood flow, k2, and k3 were, respectively, 0.40 ± 0.03 mUg/min, 0.38 ± 0.04 min -], and 0.92 ± 0.05 min -] in the gray matter (n = 4), and 0.23 ± 0.01 mllg/min, 0.17 ± 0.01 min -] , and 1.01 ± 0.05 min -] in the white matter (n = 2) in patients with cerebrovascular disorder. The k, value was 1.14 ± 0.06 min -] (n = 4), These experimentally determined values agree well with the theoretical ones previously reported by Lassen et al. The results suggest the relative con stancy of the k3 and ks values and the more prominent initial backdiffusion of the lipophilic HM-PAO from brain to blood in high flow regions compared to low flow re gions. Key Words: [99mTc]-hexamethylpropyleneamine oxime-Single photon emission computerized tomogra phy-Cerebral blood flow.
this poor contrast, we describe here the direct de termination of cerebral blood flow values in the hu man brain along with the rate constants for a kinetic model describing the in vivo distribution of HM PAO as presented by Lassen et aI. (1987a) . THEORY The model for quantitating cerebral blood flow using HM-PAO that is examined in this study is shown in Fig. 1 (Lassen et aI. , 1987a) . In this model, the first compartment is the diffusible tracer in the arterial blood at concentration CaD and the second compartment is the nondiffusible tracer that is trapped in the blood (Sharp et aI. , 1986; Matsuda et aI. , 1987 Matsuda et aI. , , 1988 Neirinckx et aI. , 1987a Neirinckx et aI. , , 1987b at concentration CaNDo The third compartment is the lipophilic diffusible tracer inside the brain tissue at concentration CbD and the fourth compartment is blood K1 brain CaD Cb D ks Ike k2 k31lk4 , CbND aND BBB FIG. 1. Diagrammatic representation of the kinetic model for determining cerebral blood flow and the rate constants of K1, k2' k3' and ks using HM-PAO. This model consists of four compartments, which are diffusible tracer in blood (Cao), nondiffusible tracer with respect to the blood-brain barrier (BBB) in blood (CaNO)' diffusible tracer in brain (Cbo) and nondiffusible tracer with respect to the BBB in brain (CbNo) '
The conversion of diffusible tracer to nondiffusible one is assumed to be irreversible such that k4 = k6 = 0 and it is as sumed that the nondiffusible forms of the tracer (CaNO and CbNo) do not cross the BBB.
the hydrophilic nondiffusible tracer that is trapped in the brain tissue (Neirinckx et aI. , 1987a (Neirinckx et aI. , , 1987b at concentration CbNO' The rate constants for K1 to k6 define the transport of the tracer between compart ments. Assuming that this trapping is irreversible (Lassen et aI. , 1987a (Lassen et aI. , , 1987b , i. e. , k4=k6=0, and there is no passage of the nondiffusible form of the tracer (CaNO and CbNO) across the blood brain bar rier, the following differential equations are given among the compartments.
where Ca is the total arterial concentration of the tracer:
The rate constant KJ is described as
where f is the volume flow rate of blood per unit mass of brain tissue and E is the single-pass extrac tion ratio of HM -PAO in brain. Solving these equa tions, we have
where Cb is the total brain tissue concentration of the tracer
and 0 denotes the operation of convolution. Sub stituting CaD(t) from Eq. (9) into Eq. (8) yields
MATERIALS AND METHODS

Determination of single-pass extraction ratio
The single-pass extraction ratio was determined in five Sprague-Dawley rats weighing 200--300 g employing the indicator diffusion method (Crone, 1965) under pentobar bital anesthesia, 60 mg/kg. A 100 fJ.1 0.9% NaCl mixture of approximately 100 fJ.Ci of HM-PAO (Amersham Interna tional PLC, London, U.K.) and 1 )..l Ci of [14C]-inulin (New England Nuclear, Boston, MA, U.S.A.) was rap idly injected through a catheter introduced into the right carotid artery. A few seconds before the injection, the sinus confluens was opened through a burr hole and blood samples were collected on Whatman GF/B glass fiber fil ters at 2 s intervals up to 10 s postinjection. An aliquot of the injection mixture was dissolved in heparinized blood collected immediately before the intracarotid injection and put on the filters as a standard. The radioactivity of 99mTc was measured using a gamma scintillation counter and the radioactivity of 14C was measured 10 days later using a liquid scintillation counter. 
where C is the ratio of disintegrations per minute of iso tope in the draining venous blood to the amount injected and the subscripts rand t represent, respectively, the nondiffusible reference tracer and the diffusible test tracer. Since the radiochemical purity of HM-PAO is not 100% even immediately after preparation (Neirinckx et aI., 1987a) and the remaining activity other than HM P AO can be assumed to be impermeable to the blood brain barrier (BBB) like the nondiffusible reference tracer, Ct is calculated from Eqs. (13) and (14), where Ac p m' Xc p m, and Dtc p m represent the total radioactivity in the draining venous blood, the radioactivity other than HM-PAO in the draining venous blood, and the total ra dioactivity injected, respectively. RCP is the radiochem ical purity of HM-PAO immediately before the intraca rotid injection determined by three kinds of thin layer chromatographic systems (N eirinckx et al., 1987 a).
Determination of flow and rate constants
The determination of flow and rate constants in the human brain was based on Eq. (11) in four patients with various cerebrovascular disorders. The patients were two males and two females aged 54-67 years. Three patients had subarachnoid hemorrhage and one had brain infarc tion. The intervals from the onsets to the HM-PAO stud ies were 9 to 42 days. The total brain tissue concentration of the tracer as a function of time [C b(t)] was determined by repeatedly scanning at one level over a period of 30 min after the intravenous injection of 20-30 mCi of HM PAO. The ring-type SPECT system, Headtome II (Shi madzu, Kyoto, Japan), (Kanno et al., 1981) , equipped with a high sensitivity collimator, was used for data ac quisition. The system sensitivity is 21,000 counts/sf /LCi/ml for 99mTc. The resolution is 24 mm full width at half-maximum at the center and 20 mm at a 10 cm radius of the reconstructed slice in the high speed scan. Every 12 s tomographic images were reconstructed using the fil tered backprojection method (Shepp and Logan, 1974) with an attenuation correction program (Sorenson, 1974) .
The regions of interest were drawn over the left insular area in four patients and the frontal lobe in two patients to represent gray matter and white matter, respectively; these regions were normal by computed tomography (CT) at the same stage as the HM-PAO studies. The arterial blood concentration of the tracer as a function of time [Ca(t)] was obtained by sampling arterial blood with a radial intra-arterial line. Samples of 2 ml were collected approximately every 10 s for the first 3 min, and the in tervals were then progressively lengthened. The blood radioactivity of the tracer was determined in a gamma scintillation counter. A cross calibration factor between the SPECT system and a well counter was obtained using a 20 cm diameter cylindrical phantom filled with standard 99mTc activity.
For fitting the time course data of Ca(t) and Cb(t) to the following equation arranged from Eq. (11):
the value of E is assumed to be known and constant throughout the brain. To obtain the values for four pa rameters, P(1) to P(4), a nonweighted nonlinear least squares procedure with a grid search paradigm (Beving ton, 1969) was used. Arterial blood radioactivity curves were obtained by cubic spline approximation and inte grals were calculated by numerical integration. Calcula tions were carried out on a microcomputer, PC-9801 (NEC, Tokyo, Japan).
RESULTS
Single-pass extraction ratio
The radiochemical purity of HM-PAO was 89%
immediately before the intracarotid injection. The value obtained for the single-pass extraction ratio in pentobarbital anesthetized rats was 0. 90 ± 0.02
(mean ± SEM, n = 5); it represents the peak value of the extraction curve for the 10 s postinjection period and after correction for radiochemical purity [Eqs. (12)- (14)]. Extraction curves for individual experiments are shown in Fig. 2 .
Flow and rate constants
The values obtained for the four parameter fit in Eq. (15) and the calculated blood flow and the rate constants of the model (Fig. 1 ) in gray and white matter regions in patients are listed in Tables 1 and   2 . The k3 values were very similar, not only among patients but also between gray and white matter regions of the brain. On the other hand, the k2 value in gray matter was higher than that in white matter.
The partition coefficient (iI.) of diffusible HM-PAO between brain tissue and blood was calculated from the K/k2 ratio; it was approximately 1. 0 in gray matter. The partition coefficient in white matter could be determined in only two of the patients and was slightly higher.
A representative time course of the diffusible tracer in the blood is shown in Fig. 3 ; it was calcu lated from Eq. (9) and the measured blood radioac tivity. The diffusible tracer decreased rapidly and was negligible from 2 min postinjection assuming a single exponential clearance from blood. gray and white matter and the fitted curves are shown in Fig. 4 . The time courses of the diffusible and nondiffusible tracer in the brain tissue are esti mated separately using the rate constants shown in Table 2 and using Eqs. (6) and (7), respectively.
DISCUSSION
Our microautoradiographic study showed that HM-PAO passes through the BBB and localizes in brain tissue (Oba et aI., 1987; Matsuda et aI., 1988) .
In our comparison study for quantitating brain blood flow between HM-PAO and 85 Sr micro spheres in the rat brain under pentobarbital anes thesia, the flow values for whole brain were 33 ± 3 ml/lOOg/min (mean ± SEM, n = 5) for labeled mi crospheres and 20 ± 1 mlilOOg/min for HM-PAO (Oba et aI., 1987; Matsuda et aI., 1988) using the analysis for blood flow measurement with labeled micro spheres described by Malik et ai. (1976) . In spite of the correction for both the radiochemical purity of HM-PAO determined immediately before injection and the single-pass extraction ratio, the values of blood flow obtained with HM-PAO were considerably below those obtained with labeled mi crospheres. This result suggests that HM-PAO does not act like a chemical microsphere, although it shows excellent steady-state retention from a few minutes postinjection. This underestimation could be attributable to an initial backdiffusion of li pophilic HM-PAO from brain tissue to the blood and to the rapid disappearance of freely diffusible HM-PAO in the blood.
It is reported that the conversion of lipophilic HM-PAO to the hydrophilic form is carried out by a glutathione-dependent reaction in the brain tissue (Neirinckx et aI., 1987b) . If the concentration of glutathione is homogeneous in the brain, the con version rate should be equal in gray and white mat ter. This hypothesis is supported by the similarity of k3 values in both gray and white matter shown in the present study. Moreover, the k3 values we obtained were very close to the values predicted by Lassen et ai. (1987a Lassen et ai. ( , 1987b and were relatively stable among patients. Since the conversion rate of li pophilic HM-PAO to hydrophilic compounds in brain is not infinitely high relative to the rate of backdiffusion (brain to blood), there will be an ini tial loss of radiolabeled tracer from the brain (Las  sen et aI., 1987b) . This initial backdiffusion is more prominent in high flow regions of the brain than in low flow regions and is reflected by the higher k2 value and the lower retention ratio k3/(k2 + k3) (Lassen et aI., 1987a) in gray matter than in white matter. Consequently, the gray to white matter count ratio after the brain activity reached a plateau would be expected to be lower than the gray to white matter ratio of blood flow. The value of the partition coefficient of diffusible HM-PAO between brain tissue and blood was cal culated from the estimated rate constants (K,/k2) and approximated 1.0, the assumed value for the whole brain (Lassen et aI., 1987a (Lassen et aI., , 1987b . Lassen et al. (1987a Lassen et al. ( , 1987b reported a nonlinear relationship between brain activity of HM-PAO and blood flow and proposed the use of a correction term to linear ize the HM-PAO uptake vs. blood flow relation ship. The correction term a is given by the equation (a = k3/(EfrlA) = k3/k2r (see the Appendix), where fr represents blood flow for the reference region. When fr for gray matter varies from 0.4 to 0.8 mIl min/g, a varies from 2.6 to 1.3 in the gray matter; this calculated range agrees well with the approxi mate value presented by Lassen et ai. (1987a Lassen et ai. ( , 1987b .
In the present study, it is assumed that the single pass extraction ratio E for HM-PAO is constant throughout the brain, the same in all patients, the same in humans as in rats, and independent of flow.
Since flow always appears in a product with E in the equation used (Kety, 1951) , any error in E will re sult in a similar error in the estimate of flow. How ever, the following observation diminishes the in appropriateness of using a constant E: Eq. (A7)
shows the correction equation for linearizing the HM-PAO uptake vs. true blood flow relationship (Lassen et aI., 1987a (Lassen et aI., , 1987b . Using this equation, Lassen et ai. (1987a Lassen et ai. ( , 1987b and Andersen et ai. (1987a) reported correspondence between the cor rected HM-PAO distribution and 133 Xe blood flow tomographic images in a variety of clinical condi tions including brain infarcts, brain tumors, and normal subjects. This correspondence suggests that K,i/K,r ratio in Eq. (A7) was close to the true flow ratio and supports the assumptions inherent in Eq.
(A8). In other words, E appears to be relatively constant for HM-PAO throughout the high and low flow areas in the human brain. Therefore, the as sumption of a constant and uniform E may not be so bad from a practical point of view. However, the potential for a variance of E is well recognized and must be investigated further. (6) and (7). The gray matter (1) and white matter (2) regions of interest were drawn as in L It has been reported that rapid conversion of HM PAO takes place in blood (Sharp et aI., 1986 : Mat suda et aI., 1987 . In previous studies (Matsuda et aI., 1987 (Matsuda et aI., , 1988 , almost 60% of the tracer was con verted to hydrophilic compounds during a 5 min incubation with whole blood. This conversion oc curred mostly in the red blood cells. Thus, the tracer rapidly becomes nondiffusible with respect to the intact BBB. This rapid conversion of lipophilic HM-PAO to a nondiffusible tracer makes the quan tification of blood flow difficult since the total ac tivity measured in blood cannot be used as the input function. The octanol extraction technique (Kuhl et aI., 1982) has been reported for differentiating be tween diffusible and nondiffusible IMP. However, unlike IMP, HM-PAO has a relatively rapid de crease of radiochemical purity in blood. The time between blood sampling and octanol extraction could be significant and cause an underestimation of the amount of diffusible tracer. From a practical and operational point of view, immediate octanol extraction could be quite troublesome. Instead of using the octanol extraction technique, we used a parameter estimation analysis of the time-activity data in blood and tissue to determine ks (as well as f, k2' and k3) and calculated the concentration of diffusible tracer in the blood. From this technique, we observed that the diffusible tracer rapidly de creased in the blood and approached zero by 2 min after injection. In other words, the input function to the brain was negligible after 2 min and independent of the arterial blood radioactivity thereafter.
In the present study, blood flow and the rate con stants k2' k3' and ks for the model described in Fig.   1 were estimated in only four patients. Quantitative cerebral blood flow measurements are possible us ing HM-PAO by directly fitting the time course data of brain and arterial blood activities to the four com partment kinetic model equations. Furthermore, these results support the validity of the correction technique for linearization between brain activity and blood flow as proposed by Lassen et aI. (1987a Lassen et aI. ( , 1987b . However, further investigation of this ap proach is necessary in normal controls and other disease states. The validity of several assumptions made in the kinetic model to calculate blood flow (Koppe RA et aI., 1987) is also to be considered. 
If Ei = Er, i. e., the single-pass extraction is con stant and uniform throughout the brain, we have fi lf r = a(Cbi/Cbr)/[1 + a -(Cbi/Cbr)] (A8) Equations (A7) and (A8) represent the correction algorithm proposed by Lassen et aI. (1987a Lassen et aI. ( , 1987b .
